bEND.3 cells are polyoma middle T-transformed mouse brain endothelial cells that express very little or no thrombospondin-1, a natural inhibitor of angiogenesis, but express high levels of platelet endothelial cell adhesion molecule-1 (PECAM-1) that localizes to sites of cell-cell contact. Here, we have examined the role of PECAM-1 in regulation of bEND.3 cell proliferation, migration, morphogenesis, and hemangioma formation. We show that down-regulating PECAM-1 expression by antisense transfection of bEND.3 cells has a dramatic effect on their morphology, proliferation, and morphogenesis on Matrigel. There is an optimal level for PECAM-1 expression such that high levels of PECAM-1 inhibit, whereas moderate levels of PECAM-1 stimulate, endothelial cell morphogenesis. The down-regulation of PECAM-1 in bEND.3 cells resulted in reexpression of endogenous thrombospondin-1 and its antiangiogenic receptor CD36. The expression of the vascular endothelial growth factor receptors flk-1 and flt-1, as well as integrins and metalloproteinases (which are involved in angiogenesis), were also affected. These observations are consistent with the changes observed in proliferation, migration, and adhesion characteristics of the antisense-transfected bEND.3 cells as well as with their lack of ability to form hemangiomas in mice. Thus, a reciprocal relationship exists between thrombospondin-1 and PECAM-1 expression, such that these two molecules appear to be constituents of a "switch" that regulates in concert many components of the angiogenic and differentiated phenotypes of endothelial cells.
INTRODUCTION
Platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31) is a member of the immunoglobulin (Ig) superfamily that is expressed on endothelial cells (ECs) 1 of large and small vessels, as well as on platelets, leukocytes, and hematopoietic precursors. It contains six Ig-like domains, a short hydrophobic transmembrane domain, and a cytoplasmic tail of variable length due to alternative splicing of exons 10 through 16 (Newman et al., 1990; Albelda et al., 1991; Xie and Muller, 1993; DeLisser et al., 1994b; Kirschbaum et al., 1994; Newman, 1997) . PECAM-1 has been implicated in leukocyte-EC interactions, transendothelial migration, endothelial cell-cell adhesion, angiogenesis, and development of the early cardiovascular system (Bogen et al., 1992; Horak et al., 1992; Baldwin et al., 1994; DeLisser et al., 1994b; Berman and Muller, 1995; Bischoff, 1995; Muller, 1995) . In some cultured ECs, such as the human umbilical vein endothelial cell (HUVEC), PECAM-1 is normally localized to the sites of cell-cell contact in regions distinct from adherens junctions or tight junctions (Ayalon et al., 1994; DeLisser et al., 1994b; Dejana et al., 1995; Romer et al., 1995) . Differences in the detergent extractability of PECAM-1 compared with cadherins also suggest differences in the mode of association with cytoskeletal proteins (Ayalon et al., 1994; Romer et al., 1995) . PECAM-1 mediates cell-cell adhesion via both homophilic and heterophilic mechanisms. Homophilic adhesion requires Ig domains 1 and 2 (Sun et al., 1996) . Heterophilic cell-cell adhesion is dependent on divalent cations and is inhibited by antibodies that bind either Ig domain 2 or 6 through a mechanism that is not yet understood (Muller et al., 1992; DeLisser et al., 1993) . ␣ v ␤ 3 integrin has been implicated as a heterotypic ligand for PECAM-1, which may mediate leukocyte-EC interactions facilitating transmigration of the endothelium (Piali et al., 1995; Buckley et al., 1996) . Integrin-associated protein, which is a receptor for thrombospondin-1 (TS1; Gao et al., 1996b) and associates with ␣ v ␤ 3 , is also essential for EC transmigration (Cooper et al., 1995) . However, the role of these molecules in EC interactions remains elusive. Finally, PECAM-1-mediated cellular interactions may be affected by deletion or alternative splicing of the PECAM-1 cytoplasmic domain (Baldwin et al., 1994; DeLisser et al., 1994a; Kirschbaum et al., 1994; , suggesting an important role for the intracellular domain in regulating PECAM-1-dependent cellular interactions. This is perhaps mediated by specific interactions of signal-transducing molecules with cytoplasmic domains of various PECAM-1 isoforms. PECAM-1 was recently found to be phosphorylated on tyrosine residues in ECs (Lu et al., 1996; Pinter et al., 1997) , providing potential docking sites for signal-transducing molecules. Phosphorylated PECAM-1 interacts with src-like kinases and with the tyrosine phosphatase SH-PTP2 (Jackson et al., 1997b; Masuda et al., 1997) via their SH-2 domains. These interactions may be mediated by phosphorylated tyrosine residues in exons 13 and 14 of the PECAM-1 cytoplasmic domain (Lu et al., 1996; Famiglietti et al., 1997; Jackson et al., 1997a) . However, the role of these molecules and the signaling pathways involved in modulating the adhesive function of PECAM-1 in an "inside-out" direction are not understood.
Mouse brain endothelial cells (MBECs) are very susceptible to transformation by polyoma middle T oncogenes (Williams et al., 1989) . Such transformed cells (e.g., bEND.3 cells) grow rapidly in culture, express little or no TS1 (a natural inhibitor of angiogenesis; RayChaudhury et al., 1994; Sheibani and Frazier, 1995) , and form hemangiomas in mice (Montesano et al., 1990) . We have demonstrated that constitutive reexpression of TS1 in bEND.3 (bEND/TS) cells restores many aspects of a normal EC phenotype. The bEND/TS cells exhibit an altered morphology, a slower growth rate, a normal proteolytic balance (i.e., PAI-1ϾϾuPA), and an ability to organize better on Matrigel. Most dramatically, the TS1-transfected cells lose the ability to form tumors in mice (Sheibani and Frazier, 1995) . These data suggest that TS1, and perhaps other TS isoforms, have a major role in the regulation of EC phenotype. Furthermore, concomitant changes in the expression of many genes as part of the response to TS1 expression suggested that there is a switch that coordinates components of the two phenotypic states of EC: the quiescent, differentiated state versus the migratory, proliferative, and hence angiogenic state.
To better understand the mechanisms of TS1 action on ECs, we examined the expression of several genes in TS1-transfected bEND.3 cells whose products have been implicated in regulation of the EC phenotype. We showed that bEND.3 cells express very high levels of PECAM-1 localized to sites of cell-cell contact. However, bEND/TS cells completely lacked PECAM-1 expression (Sheibani et al., 1997) . This may affect the interaction with and recruitment of host EC that is an essential part of hemangioma formation (Montesano et al., 1990) . We have recently reported that expression of murine or human PECAM-1 cDNA in these cells significantly enhanced their ability to differentiate on Matrigel (Sheibani et al., 1997) . Thus, PECAM-1 can modulate EC interactions that are essential during angiogenesis. The purpose of the present study was to further investigate the role of PECAM-1 in regulation of bEND.3 cell-cell interactions during angiogenesis and tumorigenesis.
MATERIALS AND METHODS

Construction of Expression Vectors
The antisense PECAM-1 expression plasmids were generated by ligating a 0.7-kb pair BamHI fragment of murine PECAM-1 (mPECAM-1) cDNA containing approximately one-third of the 5Ј coding sequences in an antisense orientation with either pREP8 (constitutive) or pMEP4 (inducible) expression vectors (Invitrogen, San Diego, CA) digested with BamHI and dephosphorylated. The size and orientation of all inserts were confirmed by restriction digestion. The pREP8 vector provides constitutive expression and l-histidinol (his D) selection. Cells were initially selected in the presence of 2.5 mM l-histidinol and then increased to 10 mM. The pMEP4 vector provides inducible expression in the presence of heavy metals (zinc or cadmium) and hygromycin (hyg) selection. Cells were selected in the presence of 50 g/ml hygromycin. However, the promoter was leaky enough to result in sufficient levels of expression that no induction was essential.
Cell Lines and DNA Transfection
bEND.3 cells were maintained as described previously (Sheibani and Frazier, 1995) . The vectors used to express antisense PECAM-1, the pREP8/BAMAS and the pMEP4/BAMAS, encoded the his gene (which allows growth in medium containing l-histidinol) and the hyg gene (which allows growth in the presence of hygromycin), respectively. Cells were transfected by lipofectin as described previously (Sheibani and Frazier, 1995) . Transfected cells were grown in the presence of from 2.5 to 10 mM l-histidinol or 50 g/ml hygromycin. After 2-3 wk, resistant colonies were either cloned directly or were expanded, enriched by cell sorting, and then individual clones were isolated as described below. Individual clones were expanded and screened by Western blotting the total cell lysates. Several representative clones were obtained for additional studies.
Fluorescence-activated Cell-sorting Analysis
Cells grown on 100-mm tissue culture plates were removed by 0.04% EDTA, 0.05% bovine serum albumin (BSA) in phosphatebuffered saline (Dulbecco's PBS, Life Technologies, Gaithersburg, MD), washed with Tris-buffered saline (TBS; 20 mM Tris-HCl, pH 7.6, 137 mM NaCl), resuspended in TBS with 1% goat serum, and kept on ice for 20 min. Cells were pelleted, resuspended in TBS with 1% BSA containing anti-PECAM-1 antibody (10 g/ml; Mab390), and kept on ice for 30 min. Cells were washed twice with TBS with 1% BSA, resuspended in TBS with 1% BSA containing a 1:100 dilution of fluorescein isothiocyanate-conjugated goat anti-rat antibody (Pierce, Rockford, IL) and kept on ice for 30 min. Cells were washed twice with TBS with 1% BSA, resuspended in TBS with 1% BSA, and flow cytometry was performed using a FACScan (Becton Dickinson, San Jose, CA). To enrich for population of antisense transfected cells that lacked PECAM-1 expression, magnetic Dynabeads conjugated with sheep anti-rat IgG (Dynal, Lake Success, NY) were used. Cells were stained with anti-PECAM-1 antibody as described above and then incubated with magnetic beads conjugated with a sheep anti-rat IgG to separate the cells that express PECAM-1 from those that do not. This was performed twice to enrich for antisense-transfected bEND.3 cells that express little or no PECAM-1. These cells were then plated at low density for isolation of individual clones.
Northern Blot Analysis
Poly(A ϩ ) RNA was isolated from logarithmically growing cells as described (Sheibani et al., 1991) . RNA (5 g) was electrophoresed in a 1.2% agarose gel containing formaldehyde, transferred to -probe membrane (Bio-Rad, Hercules, CA), prehybridized, and then hybridized in the presence of random primer 32 P-labeled cDNA probes. The cDNA probes used were the mPECAM-1 entire coding regions (from Dr. S.M. Albelda, University of Pennsylvania, Philadelphia, PA), the 1.4-kb pair BamHI 5Ј fragment of human TS1 cDNA (Sheibani and Frazier, 1995) , the full-length murine CD36 cDNA (from Dr. G. Endemann, Scios Nova, Sunnyvale, CA), the flk-1 (a 2.6-kb pair fragment of the murine flk-1 cDNA encoding part of the extracellular domain), and flt-1 (a 2.1-kb pair fragment of the murine flt-1 cDNA encoding part of the extracellular domain) cDNA probes (from Dr. W. Risau, Max-Planck Institute, Bad Nauheim, Germany), the cDNA probe for rat ␣ v (from Dr. M. Hammerman, Washington University, St. Louis, MO), the cDNA probes for mouse ␤ 1 (from Dr. D. Dean, Washington University, St. Louis, MO), the cDNA probe for mouse ␤ 3 , and ␤ 5 integrins (from Dr. P. Ross, Washington University, St. Louis, MO), the cDNA probe for human c-jun (from Dr. R. Tjian, University of California, Berkeley, CA), and a 1.3-kb pair PstI fragment of rat glyceraldehyde-3-phosphate dehydrogenase cDNA to control for loading (Sheibani and Frazier, 1995) .
Western Blot Analysis
Cells were removed from the plate by trypsin-EDTA and washed with TBS. Approximately 5 ϫ 10 5 cells were resuspended in 0.1 ml of lysis buffer (20 mM Tris-HCl, pH 7.6, 2 mM EDTA) and stored at Ϫ70°C until ready for analysis. Cell lysates were thawed, mixed with 6ϫ SDS sample buffer, boiled, and analyzed by SDS-PAGE and blotting as described previously (Sheibani and Frazier, 1995) . The antibodies used were PECAM 1.3 (a Mab against hPECAM-1 at 0.5 g/ml, a gift from Dr. P.J. Newman, Blood Research Institute, Milwaukee, WI) and a polyclonal anti-mouse PECAM-1 antibody at 1 g/ml (a gift from Dr. B.A. Imhof, Basel Institute for Immunology, Basel, Switzerland).
Three-Dimensional Culture
Matrigel (Collaborative Research, Bedford, MA) was diluted to 10 mg/ml with serum-free medium, and 0.5 ml was added per well of 24-well tissue culture plates and allowed to gel at 37°C for at least 30 min. Cells were removed by trypsin-EDTA, washed with growth medium, resuspended at 1 ϫ 10 5 cells/ml, and 0.5 ml was gently added to each of duplicate wells. The plates were monitored for 6 to 24 h and photographed with a Nikon microscope. Each experiment was repeated at least twice with identical results.
Tumorigenesis Assay
The tumorigenesis assays were performed as described previously (Sheibani and Frazier, 1995) . Briefly, cells were removed by trypsin-EDTA, washed with growth medium, resuspended at 2 ϫ 10 7 cells/ml in growth medium, and 0.25 ml of cell suspension was injected subcutaneously on each side into the rear flanks of 6-wk-old male nude mice [Harlan Sprague Dawley, Indianapolis, IN (two sites per mouse and three mice per cell line)]. The mice were maintained in a sterile environment and examined daily. The care of the mice was provided by the Washington University veterinary staff and was performed according to institutional guidelines.
Cell Adhesion Assays
The cell adhesion assays were performed as described previously (Gao et al., 1996a (20 mM Tris-HCl, pH 7.6, 150 mM NaCl with 2 mM each CaCl 2 and MgCl 2 ) at 4°C. The next day, plates were washed with TBS containing Ca 2ϩ /Mg 2ϩ and blocked with 1% BSA in the same buffer for at least 1 h. Cells were lifted with EDTA (0.04% EDTA with 0.05% BSA prepared in PBS), washed once with TBS plus Ca 2ϩ /Mg 2ϩ , and resuspended at about 5 ϫ 10 5 cells/ml in HBS buffer (20 mM HEPES, pH 7.4, 150 mM NaCl) containing CaCl 2 and MgCl 2 at 2 mM each. Fifty microliters of the cell suspension were added to each well of the coated plate and incubated for 1 h at 37°C. After incubation, plates were washed with TBS plus Ca 2ϩ /Mg 2ϩ to remove nonadherent cells. Adherent cells were quantified with endogenous phosphatase activity as described. Triplicate wells were used for each concentration of vitronectin and the experiments were repeated at least three times with identical results.
RESULTS
Expression of Antisense PECAM-1 in bEND.3 Cells bEND.3 cells proliferate rapidly in culture, express little or no TS1, and are capable of forming hemangiomas in mice within 48 h. This is accomplished by rapid recruitment of host ECs (Williams et al., 1989) . PECAM-1, an EC adhesion molecule, may be involved in mediating interactions between bEND.3 cells and host ECs. This is supported by the fact that TS1 expression in bEND.3 cells suppresses PECAM-1 expression concomitant with a block in the ability of these cells to form hemangiomas (Sheibani and Frazier, 1995) . To further investigate the role of PECAM-1 in endothelial cell-cell interactions during angiogenesis and tumorigenesis, bEND.3 cells were transfected with PECAM-1 antisense constructs (pREP8/BAMAS or pMEP4/BAMAS). After transfection, cells were selected in the presence of the appropriate selection reagent and resistant colonies were isolated, expanded, and screened by Western blot analysis. The population of cells transfected with pREP8/BAMAS (designated with the suffix "POP") were also enriched by magnetic bead selection for cells that lacked PECAM-1 expression, and several clones were isolated.
We isolated at least 60 clones from transfections with each of the expression vectors representing a wide range of residual PECAM-1 expression levels. Figure 1 illustrates the expression levels of PECAM-1 mRNA in populations and several representative clones of antisense PECAM-1-transfected bEND.3. We observed very effective down-regulation of PECAM-1 levels in the transfected cells with both expression vectors. We obtained several representative clones of antisense-transfected cells that expressed intermediate levels of PECAM-1 (pMEP4/BAMAS36) or no PECAM-1 (pREP8/BAMAS47, pMEP4/BAMAS20, and pMEP4/BAMAS21) that were used for additional studies. Fluorescence-activated cell sorter (FACS) analysis using an anti-mouse PECAM-1 monoclonal antibody indicates a good correlation between PECAM-1 mRNA levels and the levels of surface expression of PECAM-1 (see Figures 1 and 4) .
The morphology of transfected bEND. . The cells lacking PECAM-1 also grew at a much slower rate when compared with control cells (our unpublished data). This is consistent with our previous observation that the TS1-transfected bEND.3 cells that lacked PECAM-1 expression grew at a much slower rate than did control cells (Sheibani and Frazier, 1995) . We consistently observed a large number of floating cells, which failed to exclude trypan blue, in the culture of antisense-transfected bEND.3 cells that completely lacked PECAM-1 expression. Clones expressing intermediate levels of PECAM-1 grew at rates intermediate between parental bEND.3 cells and clones lacking PECAM-1, with far fewer floating dead cells.
Up-Regulation of TS1 and CD36 Expression in Antisense-transfected bEND.3 Cells
We had previously shown that bEND.3 cells rapidly proliferate in culture and that addition of exogenous human TS1 (RayChaudhury et al., 1994) or expression of human TS1 (Sheibani and Frazier, 1995) in these cells has a dramatic effect on their proliferation and morphology. We next examined the expression of the endogenous mouse TS1 gene in the antisense-transfected bEND.3 cells (Figure 1 ). The expression of TS1 mRNA was increased in every one of the dozen or more clones in which PECAM-1 expression was down-regulated. The bEND.3 cells or vector-transfected cells expressed little or no full-length TS1 mRNA (ϳ6 kb). However, a smaller, presumably polyadenylated, TS1 transcript (ϳ4.0 kb) was present in these cells, but was not translated (Sheibani and Frazier, unpublished data) . In contrast, the antisense- Figure 1 . Analysis of steady-state PECAM-1, TS1, and CD36 mRNA levels in antisense-transfected cells. Poly(A ϩ ) RNA was prepared from logarithmically growing cells, size fractionated on 1.2% agarose-formaldehyde gel, and transferred to -probe membrane. The mRNAs for PECAM-1, TS1, and CD36 were detected by using specific cDNA probes for PECAM-1, TS1, and CD36. This blot was also probed with the cDNA for GAPDH to control for loading. The bEND are parental cells; the bEND pREP8 and bEND pMEP4 are vector-transfected controls; the bEND pREP8/BAMASPOP and bEND pMEP4/BAMASPOP are the population of transfected cells; the bEND pREP8/BAMASPOP2ϫ are the population of transfected cells enriched twice for cells that lacked PECAM-1; and the bEND pREP8/BAMAS47, pMEP4/BAMAS20, -21, and -36 are clones of antisense-transfected cells.
transfected cells that completely lacked PECAM-1 expressed high levels of full-length TS1 mRNA concomitant with loss of the shorter transcript. This observation suggests that the mechanism of TS1 suppression in bEND.3 cells may involve altered processing of TS1 mRNA rather than transcriptional regulation.
We have recently shown that the inhibitory effects of TS1 on ECs in vitro are mediated through CD36, a known cell surface receptor for TS1 that is normally expressed on microvascular ECs (Dawson et al., 1997) . The expression of CD36 mRNA was rarely detected in parental bEND.3 cells and was dramatically increased in antisense-transfected bEND.3 cells (Figure 1) . Thus, enhanced expression of TS1 and its inhibitory receptor may contribute to the dramatic effects of antisense PECAM-1 expression on the morphology and proliferation of bEND.3 cells. Figure 3 illustrates the expression of mRNA for two EC-specific growth factor receptors that mediate mitogenic and angiogenic signals in EC (Mustonen and Alitalo, 1995) , namely, flk-1 and flt-1. The bEND.3 and vector-transfected cells expressed high levels of mRNA for these receptors, whereas their expression was dramatically down-regulated in parallel with PECAM-1 expression in antisense-transfected bEND.3 cells. This observation is consistent with the reduced rate of proliferation observed in the antisense PECAM-1-transfected bEND.3 cells.
PECAM-1 Expression and EC Morphogenesis
To investigate the role of PECAM-1 in EC morphogenesis, we determined the ability of the antisense-transfected cells that express different levels of PECAM-1 to differentiate on Matrigel. We observed that parental bEND.3 or vector-transfected cells, which express high levels of PECAM-1, lacked the ability to organize on Matrigel and formed only clumps of cells, which over several days grew and formed hemangioma-like structures (Sheibani and Frazier, 1995) . The cell clumps that formed after 24 h in Matrigel are shown in Figure 4A . The PECAM-1 protein expression level determined by FACS analysis correlates well with the PECAM-1 mRNA levels and is shown in the right panels of Figure 4 . It should be noted that PECAM-1 expression levels on parental bEND.3 cells and the vector-transfected control cells (see Figure 4A ) are much higher than those observed on any other EC in culture. For example, the mean fluorescence staining for Py4 -1 cells (a murine EC line) is 270, comparable to the levels of PECAM-1 in HUVEC (mean fluorescence of 240) and human dermal microvascular EC (mean fluorescence of 250), and is much less than PECAM-1 levels in bEND.3 cells (mean fluorescence of 490, Table 1 ).
Cells that completely lacked PECAM-1 expression, due to antisense transfection, formed large islands of cells with only a few of the cells migrating out to form cords (Figure 4 , B and C, and corresponding FACS data). However, cells that expressed moderate levels of PECAM-1 exhibited an enhanced ability to form extensive networks of cords on Matrigel ( Figure 4D and corresponding FACS data). These results are consistent with our previous observations that the TS1-transfected bEND.3 cells, which express no PECAM-1, form large islands of cells with relatively few cords (Sheibani and Frazier, 1995; Sheibani et al., 1997) , whereas expression of murine or human PECAM-1 isoforms in these cells (mean fluorescence ranging from 70 to 140) enhanced their ability to organize and form extensive networks of cords on Matrigel (Sheibani et al., 1997) . However, higher levels of PECAM-1 appeared to have no stimulatory effect on EC morphogenesis (mean fluorescence ranging from 250 to 390). The levels of PECAM-1 expression referred to here as "intermediate" are very similar to those obtained by transfection of bEND/TS cells with PECAM-1 cDNA expression constructs (mean fluorescence ranging from 70 to 140) that exhibited enhanced ability to organize on Matrigel (Sheibani et al., 1997) . Therefore, these results reveal that there is an optimal level of PECAM-1 expression for EC interactions.
Tumorigenesis Assay of Antisense-transfected Cells
Expression of TS1 in bEND.3 cells completely suppresses their ability to form hemangiomas in mice (Sheibani and Frazier, 1995) . This is, in part, attributed to down-regulation of PECAM-1 expression in TS1-transfected cells because bEND.3 cells must recruit host EC to form the hemangiomas so rapidly within 48 h (Montesano et al., 1990) . To examine the role of PECAM-1 in hemangioma formation, we tested the ability to form in mice hemangiomas of several antisense-transfected bEND.3 clones that express different levels of PECAM-1. Parental cells and vector-control cells that express very high levels of PECAM-1, pMEP4/BAMAS20 and pMEP4/BAMAS21 cells that express no PECAM-1, and pMEP4/BAMAS36 cells that express moderate levels of PECAM-1 (Figures 1  and 4) were injected into nude mice as described previously (Sheibani and Frazier, 1995) . The parental or the vector-control cells rapidly formed hemangiomas in 48 h with 100% incidence (Table 1, and Sheibani and Frazier, 1995) . The antisense-transfected cells that expressed no PECAM-1 or even moderate levels of PECAM-1 did not form hemangiomas even after 6 wk (Table 1) .
Adhesion Characteristics of Antisense-transfected bEND.3 Cells
As indicated above, we observed a dramatic change in the morphology of antisense-transfected bEND.3 cells in culture. To determine whether these changes in cell morphology might be due to changes in the adhesion characteristics of the cells, we examined the expression of several integrins. Figure 5 shows the Northern blot analysis of poly(A ϩ ) RNA isolated from control and antisense PECAM-1-transfected bEND.3 cells that was probed for expression of several integrin subunits with important roles in angiogenesis (Drake et al., 1992; Brooks et al., 1994a,b) . These included ␣ v , ␤ 3 , ␤ 5 , and ␤ 1 . We observed an increase in the expression of ␣ v and ␤ 5 integrin mRNAs in the antisense-transfected cells, whereas the mRNA level for ␤ 3 was dramatically diminished and the mRNA level for ␤ 1 remained unchanged. These changes in the expression of integrins may be manifested in changes in adhesion characteristics of the cells, resulting in a differentiated pheno- type. Thus, we examined the adhesion of these cells to vitronectin using a quantitative assay. Figure 6 shows that the antisense-transfected cells that completely lack PECAM-1 and express ␤ 5 integrin adhere much better to vitronectin than vector-transfected cells that express high levels of PECAM-1 or antisense-transfected cells that express intermediate levels of PECAM-1. This observation is consistent with the enhanced expression of ␣ v and ␤ 5 integrins in antisensetransfected bEND.3 cells ( Figure 5 ) because ␣ v ␤ 5 is a better cell-adhesion receptor for vitronectin than is ␣ v ␤ 3 (Gao et al., 1996a) .
Changes in the expression of metalloproteinases can also influence cell adhesion as well as regulation of angiogenesis. We observed a dramatic coordinate increase in the expression of collagenase and stromelysin-1 mRNA in antisense-transfected cells (Figure 7) . Expression of the proto-oncogene c-jun contributes to formation of active AP1 transcription factor complexes that are involved in induction of expression of these metalloproteinases in other cells (Matrisian, 1992) . However, the up-regulation of collagenase and stromelysin-1 expression appeared to be independent of changes in c-jun expression (Figure 7 ) in the bEND.3 cells. The expression of collagenase and stromelysin-1 is also coordinately up-regulated in bEND/TS cells that lack PECAM-1 expression (Sheibani and Frazier, unpublished results).
DISCUSSION
bEND.3 cells express very high levels of PECAM-1, rapidly proliferate in culture, form hemangiomas in mice within 48 h, organize poorly in Matrigel, and express little or no TS1. We now demonstrate that down-regulation of PECAM-1 in bEND.3 cells by antisense expression affects their proliferation, morphogenesis, and hemangioma formation. Perhaps most interestingly, the down-regulation of PECAM-1 results in enhanced expression of TS1 and its antiangiogenic receptor, CD36. These changes in EC phenotype brought about by decreased PECAM-1 expression are very similar to those observed in TS1-transfected bEND.3 cells (Sheibani and Frazier, 1995; Sheibani et al., 1997) . Therefore, it appears that a reciprocal relationship exists between TS1 and PECAM-1 expression in bEND.3 cells. This finding is consistent with the expression patterns of these genes during vascular development. PECAM-1 is expressed very early during vascular development (embryonic day 7.5; DeLisser et al., 1994b) , but TS1 expression is detected only in blood vessels of later fetal stages and in the adult (Reed et al., 1995) . These observations are also supported by the proangiogenic and antiangiogenic roles established for PECAM-1 (DeLisser et al., 1994b Sheibani et al., 1997) and TS1 (Sheibani and Frazier, 1995; Dawson et al., 1997) , respectively. The expression of TS1 and down-regulation of PECAM-1 in bEND.3 cells share a number of downstream effects including changes in cell proliferation, morphology, morphogenesis, hemangioma formation, and expression of integrins and metalloproteinases. These data suggest the idea that there is a complex two-state program that switches between two phenotypes of ECs. One is the quiescent, differentiated vessel phenotype and the other is the invasive, proliferative, and hence angiogenic phenotype (Hanahan and Folkman, 1996) . It is not presently known whether the effects of TS1 or PECAM-1 expression on this reciprocal relationship are direct or are the consequence of a common downstream signaling event. It is clear, however, that a change in expression of either TS1 or PECAM-1 causes a reciprocal change in the expression of the other. A close examination of expression of these molecules during vascular development may provide some insights on the regulatory pathways that suppress TS1 expression at early times but induce its expression at later times.
The clones of antisense-transfected bEND.3 cells that completely lacked PECAM-1 exhibited a more normal EC morphology (Figure 2 PECAM-1 is also completely down-regulated, have a morphology very similar to antisense PECAM-1-transfected bEND.3 cells. The antisense-transfected bEND.3 cells, like bEND/TS cells, exhibited a much reduced growth rate. This is at least partially due to changes in the survival of antisense-transfected cells. Therefore, expression of PECAM-1 may provide a survival signal and/or protect these cells from death as has been reported for EC integrins, e.g., ␣ v ␤ 3 (Brooks et al., 1994b) , which is also down-regulated in parallel with PECAM-1 ( Figure 5 ). Another contributor to decreased cell proliferation and survival is likely to be the down-regulation of vascular endothelial growth factor receptors, flk-1 and flt-1 (Figure 3 ), which are essential for transmitting mitogenic and survival signals in ECs. Most interesting in terms of its implications for a regulatory switch or program in ECs was the enhanced expression of TS1 in antisense-transfected cells (Figure 1 ). This is consistent with our previous observation that expression of TS1 in bEND.3 (Sheibani and Frazier, 1995) and the addition of exogenous TS1 (RayChaudhury et al., 1994) affect the morphology and proliferation of these cells. The bEND.3 or vector-transfected cells expressed a short TS1 transcript (ϳ4.0 kb) which was not translated (Sheibani and Frazier, unpublished data) . This mRNA is perhaps generated by alternative splicing and/or use of an alternative polyadenylation signal in the large 3Ј untranslated region of TS1 transcript. Studies are in progress to determine the precise identity of this transcript. The enhanced expression of TS1 and its antiangiogenic receptor CD36 (Figure 1 ) is another major signaling pathway that contributes to the changes observed in proliferation and survival of antisense-transfected bEND.3 cells. We have shown that expression of CD36 in HUVEC, which normally lack CD36, has a dramatic effect on their proliferation, migration, and morphogenesis and CD36 mediates the inhibitory effects of TS1 on EC in vitro (Dawson et al., 1997) . However, the contribution of CD36 to EC survival requires more investigation. TS1 and heparin-binding type I repeat peptides of TS1 can specifically induce apoptosis in ECs concomitant with changes in cell Figure 5 . Analysis of the steady-state ␣ v , ␤ 1 , ␤ 3 , and ␤ 5 integrins mRNA levels in antisense-transfected cells. Poly(A ϩ ) RNA was prepared from antisense-transfected bEND.3 cells as described in Figure 2 and analyzed by Northern blot. The blot was probed with specific cDNA probes for ␣ v , ␤ 1 , ␤ 3 , ␤ 5 , and GAPDH to control for loading. morphology and inhibition of cell proliferation (Guo et al., 1997) . However, these peptides do not interact directly with CD36. Thus, the effects of TS1 in antisense-transfected cells may involve interactions with several cell surface receptors initiating signaling pathways that are integrated to favor a differentiated, nonproliferative state of endothelium.
The antisense PECAM-1-transfected bEND.3 cells exhibited a difference in their ability to undergo morphogenesis in three-dimensional cultures. The cells that expressed high levels of PECAM-1 lacked the ability to organize on Matrigel ( Figure 4A ), whereas the cells that completely lacked PECAM-1 formed large islands of cells with only a few cells migrating out to form cords (Figure 4 , B and C). The cells that expressed intermediate levels of PECAM-1 exhibited an enhanced ability to organize a much more extensive network of cords on Matrigel ( Figure 4D ). These observations are consistent with our previous studies, which showed that TS1-transfected bEND.3 cells that lacked PECAM-1 expression formed large islands of cells with a few cells migrating out to form cords (Sheibani and Frazier, 1995; Sheibani et al., 1997) . Furthermore, the ability of the bEND/TS cells to form cords was greatly enhanced after transfection with PECAM-1 cDNA, resulting in expression levels similar to those of the "intermediate" PECAM-1 antisense clones reported here (Sheibani et al., 1997) . Together these data suggest that an optimum level may exist for expression of PECAM-1. Very high levels of PECAM-1 may provide such strong cell-cell interactions that they interfere with the ability of the cells to migrate during EC morphogenesis. However, some expression of PECAM-1 appears to be essential for EC morphogenesis Sheibani et al., 1997) . In fact, the levels of PECAM-1 in normal ECs are comparable to the intermediate levels of PECAM-1 observed in antisense clones with enhanced morphogenic ability. In addition, the ability of antisense-transfected cells to form hemangiomas in mice also correlated with PECAM-1 expression levels. The parental bEND.3 cells and the vector-control cells that express inordinately high levels of PECAM-1 rapidly formed hemangiomas in nude mice as we had seen previously (Table 1 ; Sheibani and Frazier, 1995) . However, the antisense-transfected bEND.3 cells failed to form tumors even after 6 wk. These data suggest that PE-CAM-1 plays a major role in interactions with host EC and/or their recruitment in rapid formation of hemangiomas.
TS1 can directly modulate the activity of ␣ v ␤ 3 integrin via its C-terminal receptor, integrin-associated protein, or CD47 (Gao et al., 1996a,b) . Therefore, TS1 may regulate EC adhesion by modulating function and/or expression of various integrins and perhaps their ligands, thus establishing the proper environment for differentiated endothelium. The expression of ␣ v and ␤ 5 integrin subunits was up-regulated, whereas that of ␤ 3 was dramatically down-regulated in antisense-transfected bEND.3 cells ( Figure 5 ). However, the expression of ␤ 1 integrin remained unchanged. PECAM-1 has been reported to be a ligand for ␣ v ␤ 3 (Piali et al., 1995; Buckley et al., 1996) ; thus, the concomitant down-regulation of PECAM-1 and ␣ v ␤ 3 may be another example of coordinate regulation of a ligand-receptor pair. These changes in the expression of integrins were consistent with changes observed in the adhesion characteristics of antisense-transfected cells. The antisense-transfected cells exhibited an enhanced ability to adhere to vitronectin consistent with enhanced expression of ␣ v ␤ 5 in these cells (Figure 6 ). It was recently shown that endothelial cell-cell and cellmatrix interactions can regulate endothelial adhesiveness through PECAM-1 (Litwin et al., 1997) , further reinforcing the notion that the integration of intercellular and intracellular signaling pathways may be essential in regulation of EC phenotype.
Cell-matrix interactions are essential for cell proliferation, migration, differentiation, and survival. The expression and ligation of ␣ v ␤ 3 integrin is essential Figure 7 . Analysis of the steady-state c-jun, collagenase, and stromelysin-1 mRNA levels in antisense-transfected cells. The poly(A ϩ ) RNA prepared from antisense-transfected cells was analyzed by Northern blot. Blots were probed with specific cDNAs for c-jun, collagenase, stromelysin-1, and GAPDH to control for loading.
during angiogenesis and survival of at least some ECs (Brooks et al., 1994a,b) . Therefore, the down-regulation of ␤ 3 integrin may contribute to changes observed in the survival of antisense-transfected bEND.3 cells. These changes are complemented with the regulated expression of metalloproteinases, and perhaps their inhibitors [tissue inhibitor of metalloproteinases (TIMPS)] during angiogenesis. Changes in the expression of integrins and their ligands can, in part, modulate expression of metalloproteinases. The ligation of fibronectin receptors by antibodies to the receptor or polypeptides containing the Arg-Gly-Asp sequences of fibronectin induce coordinate expression of the secreted extracellular matrix-degrading metalloproteinases collagenase and stromelysin in rabbit synovial fibroblasts (Werb et al., 1989) . In addition, collagenase activity is essential during morphogenesis of ECs in collagen gels (Fisher et al., 1994) . We observed a coordinate increase in the expression of collagenase and stromelysin-1 in antisense-transfected bEND.3 cells (Figure 7 ). The expression of collagenase and stromelysin-1, as well as TIMP-1 and TIMP-2, are also coordinately up-regulated in bEND/TS cells that lack PE-CAM-1 expression (Sheibani and Frazier, unpublished results) , suggesting a more controlled proteolytic activity (Matrisian, 1992) in these cells. The coordinate expression of collagenase and stromelysin genes is also observed in phorbol 12-myristate 13-acetatetreated rabbit brain ECs, synovial fibroblasts, and alveolar macrophages (Frisch et al., 1987) . The lack of changes in the expression of c-jun mRNA in antisensetransfected cells (Figure 7) suggests that AP-1 activity is not directly responsible for enhanced expression of these proteases. However, other members of the jun family may be involved.
Down-regulation of PECAM-1 in bEND.3 cells has a dramatic effect on their phenotype. This is perhaps mediated by up-regulation of the expression of TS1 and its antiangiogenic receptor CD36, as occurs in TS1-transfected bEND.3 cells. The reciprocal relationship between TS1 and PECAM-1 expression suggests that they are components of a switch mechanism for coordinated regulation of EC behavior. The interaction of TS1 with its antiangiogenic receptor CD36, and perhaps other TS1 receptors such as integrinassociated protein, on the surface of ECs initiates a series of complex signaling pathways that ultimately result in altered expression of several genes in concert. We believe that it is the proper integration of these changes that can lead to an angioinhibitory response and maintenance of a differentiated endothelium. Our data indicate that PECAM-1 may provide an alternative target for modulation of TS1 expression and regulation of angiogenesis. Future studies will focus on determining how the reciprocal relationship between TS1 and PECAM-1, which appears to be critical during vasculogenesis and angiogenesis, is regulated.
